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We report on an extended fluctuation regime in the spin dimer system S^C^Os based on anoma- 
lies in Raman active phonons and magnetic scattering. The compound has two characteristic tem- 
peratures, Ts = 275 K, related to a Jahn- Teller transition with structural distortions and orbital 
ordering and a second, T* ~ 150 K, which is due to further changes in the orbital sector. Below Ts 
quasielastic scattering marks strong fluctuations and in addition phonon anomalies are observed. 
For temperatures below T* we observe an exponential decrease of one phonon linewidth and deter- 
mine a gap of the orbital excitations. At low temperatures the observation of two- and three-magnon 
scattering allows the determination of the spin excitation gap. 

PACS numbers: 75.25.-j, 71.70.Ej, 71.70.Ch 



I. INTRODUCTION 

The interplay of electronic correlation effects with 
other interactions in transition metal oxides can lead 
to a wealth of interesting phenomena such as colossal 
magneto-resistance, exotic superconductivity and mag- 
netism including rich phase diagrams 1 -. The Jahn- Teller 
instability is a well known example of coupled orbital 
- structural instabilities where the orbital degeneracies 
of the 3d electron states can be lifted by distortions of 
the surrounding oxygen coordinations. These variations 
in the occupation of orbital states and related lattice 
distortions may have a collective, long range or a lo- 
cal, fluctuating character. Interesting from fundamen- 
tal and applied points of view are cases where fluctua- 
tion regimes cross over from glass like to quantum dis- 
ordered states. As examples pseudo-cubic manganites 
and titanates (LaTiOs, YTiOa) are mentioned. In these 
compounds quantum disordered states based on orbital 
degrees of freedom are discussed^. 

It is presently a state of debate how the excita- 
tion spectrum of such systems can be characterized and 
whether collective orbital/electronic excitations or modes 
of mixed phonon-orbital origin exist. This question gains 
complexity from the fact that in purely electronic mod- 
els quantum orbital liquids with entangled orbital states 
can be stabilized by electronic correlations. The rel- 
evance of such models for real materials is an inter- 
esting issue as in addition to electron-phonon interac- 
tion, thermal fluctuations and doping have to be consid- 
ered. Investigations have focused so far on cubic man- 
ganites (i?,AMn0 3 , Mn 3+ , 3d 4 )^, titanates (LaTi0 3 , 
Ti 4+ , Sd 1 ^, vanadates (RV0 3 , V 3+ , 3d 4 )£ and iridates 
(CuIr 2 S 4 , Ir 3 +/Ir 4 +, 5d 6 /5d 5 )^. Only recently also com- 
pounds based on chromium (Cr 5+ , 3d 1 ) in tetrahedral 



coordination have been discussed. Besides other tech- 
niques, Raman scattering has been used to investigate 
electronic as well as lattice degrees of freedom. 

In the compound S^C^Os the transition metal ion 
Cr ,5+ is coordinated by four oxygen ions in a tetrahe- 
dral environment. At room temperature the structure is 
hexagonal (R3m) and bilayers of CrC>4 tetrahedra form 
a frustrated arrangement of two degenerate 3d e levels 
d 3z 2_ r 2 and d x 2_ y 2. For temperatures below Ts = 275 K 
crystallographic distortions lead to monoclinic structure 
(C2/c) and a splitting of the e levels with primary oc- 
cupation and antiferro-orbital ordering of the lower-lying 
d 3z 2_ r 2 orbital n 10 ! 11 . Assuming static orbital order, the 
low energy magnetism is based on Heisenberg exchange 
coupled spin s = 1/2 dimers of the pairwise arranged 
tetrahedra. This leads to a spin gap A of the magnetic 
excitations. 

The magnetic properties follow this scenario pretty 
well: The magnetic susceptibility has a weak anisotropy, 
shows a maximum at T max = 38 K and a rapid de- 
crease towards lower temperatures suggesting gapped 
excitations^. In inelastic neutron scattering three 
gapped and dispersive magnetic excitation branches are 
observed with a spin gap A = 3.5 meV, a maximum en- 
ergy E max = 7.0 meV and a comparably large dispersion 
of rj 3.5 meV. A very satisfactory theoretical modeling is 
found for an intradimer exchange coupling Jq = 5.55 meV 
and comparably large interdimer couplings summing to 
J' 3.58 meV— . In ESR an excitation found at 1.250 
Thz (= 5.17 meV) agrees well with that energy scaled 3 -. 
Its linewidth shows a strong broadening to higher tem- 
peratures due to a relaxation process involving the higher 
energy d x 2_ y 2 orbital state. The resolved orbital gap 
^orbital = 388 K is comparably small. 

In high magnetic fields S^C^Os shows Bose-Einstein 
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condensation of diluted magnons. The magnetization in- 
creases with a threshold field at 30.4 Tesla and a sat- 
uration at 62 Tesla, respectively^. Summarizing the 
available experimental data, S^C^Os demonstrates a 
hierarchy of energy and temperature scales given by the 
orbital gap, the Jahn- Teller transition Ts, the magnetic 
exchange interaction and the spin gap. Most notewor- 
thy is the small separation of thermal energy to &. or bitai 
that still allows a considerable occupation of higher lying 
orbital states for T <Tg. 

Here we report on phonon anomalies, quasielastic scat- 
tering as well as magnetic Raman scattering in single 
crystals of S^C^Os that reveal an extended fluctua- 
tion regime below the Jahn- Teller transition, Ts- We 
attribute these dynamics to the interplay of lattice and 
electronic degrees of freedom and a comparably small or- 
bital gap. 

II. EXPERIMENTAL DETAILS 

Single crystals of SrsC^Os were grown by a floating 
zone method as described previously^. The resulting 
crystal size was about 1 x0.5x0.5 mm 3 . The crystals have 
been fully characterized with respect to their structural 
and magnetic properties using X-Ray scattering, mag- 
netic susceptibility, neutron scattering^, specific heat, 



and infrared absorption^ 3 -. 

Raman scattering experiments were performed in 
quasi-backscattering geometry, using a A = 532 nm solid 
state laser, a A = 561 nm solid state laser and an Ar-Kr 
ion laser at A = 488 nm. The laser power was set to 7.5 
mW with a spot diameter of approximately 100 /im to 
avoid heating effects. All measurements were carried out 
in an evacuated cryostat in the temperature range from 
3 K to 360 K. The spectra were collected via a triple 
spectrometer (Dilor-XY-500) by a liquid nitrogen cooled 
CCD (Horiba Jobin Yvon, Spectrum One CCD-3000V). 



III. EXPERIMENTAL RESULTS 

A. Phonons and quasielastic scattering 

For temperatures above T$, the factor group analysis 
for the hexagonal space group i?3m yields 11 Raman- 
active phonon modes: Teaman = 5-Ai s + 6-E g . Below 
Ts the structure changes to the space group C2 / c, which 
yields a total of 39 Raman-active phonons: r Raman = 
19-A g + 20-B g . The corresponding Raman tensors are 
given by: 
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Raman scattering experiments were performed in dif- 
ferent light polarizations at room temperature (T = 295 
K) and at 3 K to distinguish between these modes, as 
shown in Fig. 1. Here, (zz) polarization denotes a po- 
larization of the incoming and outgoing light parallel to 
the crystallographic c axis, i.e. the axis, along which the 
spin dimers are realized. In (yy) polarization, both in- 
coming and outgoing light is polarized perpendicular to 
the crystallographic c axis and parallel to the hexago- 
nal plane, whereas crossed polarization is used in (yz) 
configuration. 

At room temperature only the Ai g phonon modes con- 
tribute to the (zz) and (yy) polarization, while in crossed 
configuration only E ff modes are allowed. In the struc- 
turally distorted, low temperature phase, A g modes show 
up in (zz) and (yy) polarization, while B ff modes only 
contribute to crossed polarization. 

In the spectra of Fig. 1 taken at T = 295 K we iden- 
tify 10 out of the expected 11 phonons. With decreasing 
temperatures the spectra change drastically. However, 
the largest changes are observed only for temperatures 
far below Tg. At T = 3 K we identify a total number of 
27 out of 39 expected phonon modes. The corresponding 
mode frequencies and their symmetry assignments are 



given in table 1. The discrepancy between the observed 
and expected modes in the low temperature phase can 
be due to a lack of phonon intensity of particular modes 
as well as due to their overlap with larger intensity exci- 
tations. 

In the intermediate temperature regime we observe 
distinct changes in the phonon spectra, i.e. decreasing 
phonon line width and intensity gain. Figure 2 displays 
the temperature evolution of the low- and mid-frequency 
range of the Raman spectrum (from 25 cm -1 to 350 
cm -1 ). In particular the phonons at 188 and 334 cm -1 
show a strong temperature dependence for temperatures 
T<T S . 

In Fig. 3 a) the frequencies of important phonons 
are plotted as function of temperature. For the group 
of phonons in the frequency range 125 - 150 cm -1 we 
observe two phonon splittings with decreasing temper- 
ature. The first one evolves very gradually, starting 
around Tg. The second, more pronounced one evolves 
at lower temperatures and marks a characteristic tem- 
perature T* ps 150 K. While the phonon at 188 cm -1 
exhibits an energy shift by about 4% over the whole 
temperature range, the phonon at 71 cm" 1 , which lies 
close in energy to two magnetic modes (as described be- 
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FIG. 1. (Colour online) Raman spectra collected at room 
temperature (i.e. 295 K, red curve) and at lowest tempera- 
ture (i.e. 3 K, blue curve) in different polarizations: a) (zz) 
polarization, b) (yy) polarization, c) (yz) polarization. The 
depicted spectra range from 30 to 1000 cm -1 . The spectra 
are shifted in intensity for clarity. 
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FIG. 2. (Color online) Temperature development of the low- 
and mid-frequency range (i.e. 25 - 350 cm -1 ) from 3 to 
295 K in (zu) polarization, i.e. without an analyzer; spec- 
tra are shifted in intensity for clarity. The two arrows mark 
the phonons at 71 and 188 cm -1 . 



low), shows an anomalous softening (« 40% between 
3 and 150 K). Fitting this energy to a power law, i.e. 
to = A ■ \Tc — Tf, leads to a good description in the 
T* regime with A = 31.8 cm^/K , T c = 156 K and 
= 1/6 ± 0.016. From a mean-field approximation, one 
expects for a soft mode a critical exponent of /3 = 1/2. 
This is far from the fit to our data. It is noteworthy 
that Tc of this fit is inconsistent with Ts but compara- 
ble with T* . This suggests that this critical behavior can 
be used as a second, independent way to determine the 
characteristic temperature T*. For all phonon modes the 
temperature dependence is reduced for temperatures be- 
low T = 50 K. One could describe this as a stabilization 
of the lattice. 

Upon approaching Tg, a broad, quasielastic (E k, 0) 
scattering contribution with Lorentzian lineshape and 
Ai s symmetry increases in intensity and decreases again 
continuously for temperatures below approximately 200 
K, see Fig. 2 and the open (red) circles in Fig. 3 a) for 
its intensity. The data clearly reveal pronounced fluctu- 
ations and can be deconvoluted into two contributions, a 
sharp onset at Ts and a broad maximum at lower tem- 
peratures with a softer leveling off below T* , as indicated 
by the solid black lines. This behavior is in complete con- 
trast to the evolution of the phonon intensity. One could 
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FIG. 3. (Color online) a) Temperature evolution of the 
phonon frequency at 71 (blue stars), 129, 132, 138 and 148 
(yellow spheres), and 188 cm -1 (black triangles). The solid 
orange line is a fit to the 71 cm -1 data. The red circles dis- 
play the integrated intensity of the quasielastic scattering, b) 
Normalized line width T(T)/T(150K) of the 188 and 71 cm" 1 
phonon modes. The solid orange line is a fit to the 71 cm" 
data, c) Phonon intensity at 188 and 71 cm" 1 . The data of 
the 71 cm" 1 mode has been scaled by a factor of 2; the 188 
cm" 1 data has been shifted by 250 arb. units for clarity. The 
green dashed lines in a), b), and c) indicate Ts = 275 K and 
T* « 150 K. 
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compare this contribution to a so-called central mode, 
induced by fluctuations at a structural phase transition. 
However, in this case for temperatures below Tg the fluc- 
tuations should be suppressed and no second maximum is 
expected. Therefore structural fluctuations are unlikely 
to be the origin for this scattering contribution. Further 
candidates are orbital or spin fluctuations. Such fluctu- 
ations as energy density fluctuations should scale with a 
corresponding contribution to the specific heat. Indeed, 
also in specific heat measurements a second, shallow max- 
imum at T = 200 K has been observed, see inset of Fig. 
3 in Ref^. 

In Fig. 3 b) the temperature dependence of the line 
width (full width at half maximum) for the phonons at 
188 and 71 cm' 1 is shown. The phonon at 71 cm -1 
shows a dramatic decrease in linewidth by a factor of 11 
between 150 and 3 K. In addition, there is a change in 
lineshape from an asymmetric Fano line to a symmet- 
ric Lorentzian. This is indicated by the black solid line 
fitted to the 100 K spectrum in Fig. 2. In contrast, 
the line at 188 cm" 1 shows only a moderate decrease in 
linewidth with a slight change in slope at T*. We find 
that an activated function T = B + C ■ e -^JT/k B T^ with 
B = 0.09 cm" 1 , C = 18.1 and A JT /k B = (450 ± 20) K 
provides a very reasonable description to the temperature 
dependence of the 71 cm -1 phonon linewidth. The char- 
acteristic energy Ajt is very similar to an orbital gap 
A or bitai = 388 K that has been found in a previous ESR 
study. Here the ESR absorption line increases exponen- 
tially with increasing temperature due to an Orbach spin 
relaxation process^. A similar relation between phonon 
and ESR linewidth has been observed in the Jahn- Teller 
system KCuF^JI. 

In Fig. 3 c) the phonon intensity is plotted as a func- 
tion of temperature for the two lines at 188 and 71 cm -1 . 
The intensity of the 188 cm -1 mode displays a strong in- 
crease for temperatures below T* without saturation. On 
the other hand, the intensity of the phonon at 71 cm -1 
saturates at T « 70 K. 



B. Magnetic scattering 

Figure 4 a) - c) zooms into the low energy part of the 
Raman spectra. Two modes are observed at around 45 
and 90 cm -1 with a larger linewidth compared to the 
previously discussed phonon modes. While the 90 cm -1 
mode is most prominent at lowest temperature, the one 
at 45 cm' 1 exhibits a finite intensity only in the tem- 
perature interval 10 K < T < 75 K. To confirm that 
these modes are of intrinsic nature we excite the sample 
with a different laser wavelength and compare the spec- 
tra as shown in panel a) and b). Fits to the two modes 
are shown by a highlighted area below the A = 532 nm 
spectrum in Fig. 4 a). In panel c) different polarizations 
at T = 3 K are probed with the A — 488 nm excita- 
tion wavelength. Finally, the temperature dependence of 
the Bose-corrected broad modes' integrated intensities is 
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FIG. 4. (Color online) a) & b) low energy range of Raman 
spectra (ranging from 25 to 165 cm -1 ) taken at T = 20 K (a) 
and T = 3K (b) with the excitation wavelengths A = 532 nm 
and A = 561 nm in (zu) polarization. The filled area under 
the spectrum in a) are fits to the modes at 45 and 90 cm' 1 , c) 
Low energy spectral range in different polarizations obtained 
at T = 3 K with the A = 488 nm laser line, d) Bose-corrected 
integrated intensity of the 45 and 90 cm' 1 modes. The black 
dotted line corresponds to a fit to the Bose-Einstein statistics 
of an excited level with A = 40 K. 

plotted in Figure 4 d). While the 90 cm' 1 mode increases 
steadily with decreasing temperature, the 45 cm -1 mode 
clearly shows a maximum in intensity at around 30 K, 
before further decreasing and finally vanishing at lowest 
temperature. The intensity decrease fits well to a Bose- 
Einstein factor of an excited level as shown by the dotted 
line, m ~ l/[e^' A )/ T -l], with A = 40 K (= 28 cm' 1 ). 
This is in excellent agreement with the value for the spin 
gap reported by neutron scattering^. 

IV. DISCUSSION 

We will first focus on the temperature evolution of the 
phonon modes before discussing magnetic and orbital Ra- 
man scattering. 

The present experimental data allow to pinpoint a 
few experimental facts about S^C^Os as given in the 
introduction. However, important information about 
the evolution of electronic and structural correlations 
is missing as no detailed temperature studies are avail- 
able up to now. Based on neutron diffractior>i£ and 
specific heat studies^ the Jahn- Teller transition exists 
around Tg = 275 — 285 K. Infrared spectroscopy re- 
vealed the appearence of new polar phonon modes below 
this transition^. On the basis of the CEF level scheme 
of Cr 5+ in tetrahedral coordination it is very probable 
that an order-disorder transition of the orbital occupa- 
tion number dominates this transition. Whether the elec- 
tronic and structural correlations develop concomitant 
and continuously or discontinuously has to be further 
evaluated. Here Raman scattering data can give deci- 
sive information as not only symmetry information but 
also electronic polarizabilities of the respective states are 
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TABLE I. Phonon frequencies in cm 1 with their respective symmetry assignments for the two structural phases Rim (at 
T = 295 K) and C2/c (at 3 K). 

T = 295 K, R3m T = 3 K, C2/c 
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probed. Raman scattering is a fast technique that may 
also detect local distortions as it relies on an optically 
induced virtual electron-hole pair. There also exists the 
chance to observe collective orbital excitations. However, 
here much less experimental knowledge exists. 

An important observation is the nonexistence of sud- 
den changes of the Raman phonon spectra between 295 K 
and 250 K, see Fig. 2. This means that the coherent part 
of lattice distortions develops only at lower temperatures. 
In contrast, the quasielastic scattering, a probe of fluctu- 
ations with similar evolution as the specific heat, discon- 
tinuously sets in for T = T$- We therefore conclude an 
extended orbital fluctuation regime from Tg down to ap- 
proximately T* = 150 K. For T < T* the phonon modes 
show a gradual increase of intensity and a rapid increase 
below approximately 110 K. Below also 110 K distinct 
phonon splittings show up and the quasielastic scatter- 
ing is suppressed. Therefore T* marks a crossover with 
a suppression of orbital fluctuations and an onset of long 
range structural distortions. 

The observed dynamics is different from quasi-one- 
dimensional correlated electronic systems like BaVS^ 
or weakly doped manganites where persisting orbital fluc- 
tuations are attributed to an entangled instability of 
the orbital, electronic, and lattice subsystems^. Since 
S^C^Os has no electronic instability or low dimension- 
ality, the origin of the fluctuations should be sought in 
the relation between the orbital ordering and the struc- 



tural instability. Introducing a ratio of the Jahn- Teller 
gap versus the structural phase transition temperature, 
Ajt/Ts = 1.4 - 1.6, shows that thermal fluctuations 
even well below Tg can smear out the Jahn- Teller gap 
and thus destabilize orbital ordering. 

We carefully inspected whether collective orbital ex- 
citations (orbitons) show up in the frequency range of 
Ajt ~ 270 - 330 cm" 1 . At room temperature we observe 
a highly-damped peak in the respective energy interval 
(see Fig. 2). With lowering temperature two modes de- 
velop at about 300 and 330 cm" 1 . In contrast to other 
sharp peaks at 3 K, the mode at 300 cm -1 (= 430 K) is 
relatively broad. This indicates the possibility that the 
corresponding mode is an orbital excitation mixed with 
a phonon. A similar observation was reported for the 
vanadates .RVO3 , where orbital excitations couple to the 
Jahn- Teller phonon^. This phenomenology is different 
from observations in the three dimensional perovskites 
LaTiC>3 and YTiC>3 as in these compounds the energy 
scale of the orbitons (2700 K) is clearly separated from 
the phonon system^. 

Further evidence for mixing of phonon and orbital de- 
grees of freedom is gained from the temperature depen- 
dence of the 71 cm" 1 phonon mode, in energy, linewidth 
and lineshape. Actually, this dependence shares similar- 
ities with a crystalline electric field transition in the rare 
earth compound P^CuO^iS. However, in a 3d electron 
system such modes should be broadened by dispersion. 
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In band structure calculations^ for S^C^Os the respec- 
tive energy scale is of the order of 300 meV, i.e. also one 
order larger than Ajt- Therefore the origin of the 71 
cm -1 mode is very likely a mixed phonon-orbiton mode. 

Next, we will focus on the magnetic excitations in 
Sr3Cr208. As reported previously-^, these excitations 
form a gapped magnon with a gap size of A = 28 
cm -1 . In Fig. 4 a), two magnetic modes are observed 
at low, but finite temperatures. The high energy mag- 
netic mode at 90 cm -1 is observed in all measured po- 
larizations, i.e. (zu), (zz), (yy) and (yz), but has its 
strongest contribution in (zz) and (zu) polarization, i.e. 
the polarization along the dimer direction, while its in- 
tensity is weakest in crossed, i.e. (yz) polarization. Since 
the magnetic Raman scattering intensity is given by 
/ oc (i j Si-Sj | j ') | 2 , it scales in each polarization with 
the strength of exchange interactions between dimers. In 
this sense, the presence of the substantial spectral weight 
in the (yy) polarization implies moderate interdimer in- 
teractions in the ab plane. 

The onset energy of the magnetic excitations is roughly 
56 cm" 1 , which corresponds to 7 meV or 81 K, and is 
therefore twice the size of the spin gap. The high energy 
cut-off at 118 cm -1 corresponds to 14.75 meV. As the 
triplet branch of excitations observed in inelastic neu- 
tron spectroscopy reaches up to 7.2 meV, we attribute 
this mode to two-magnon scattering, i.e. a scattering 
process involving the simultaneous spin flip of two neigh- 
boring spins, hence costing twice the magnetic exchange 
energy. The intensity of the two-magnon mode is plot- 
ted over temperature in Fig. 4 d) (green triangles). It 
continuously decreases in intensity as the temperature is 
increased and fully depletes below 100 K. This is asso- 
ciated with a thermal population of the singlet ground 
state into an excited triplet state. 

The intensity of the mode at 45 cm" 1 , on the other 
hand, shows a clear maximum at around 30 K before 
steadily decreasing towards w 80 K. Therefore, we can 
rule out one-magnon scattering, which would show a 
monotonous increase in intensity down to lowest temper- 
ature. Instead, a three-magnon scattering process might 
account for this observed mode^S. Three-magnon scatter- 
ing can occur through a transition from one singlet and 
one excited triplet state to two neighboring triplet states, 

i.e. _(|t;>-|;t» ® (lt;>+i;t» ^Itt)® IU>- There- 
fore it can only arise in the environment of thermally 
excited triplet states at finite temperatures. Such a ther- 
mal population is described by the Bose-Einstein statis- 
tics of the excited level. Our data is in good agree- 
ment with theory, as the fit to the integrated intensity 
at low temperatures in Fig. 4 d) shows. Upon addi- 
tional temperature increase, one furthermore increases 
the population of triplets, which eventually leads to sat- 
uration. This causes the intensity of the three-magnon 
mode to drop again towards high temperatures. The 



onset of the mode is at roughly 30 cm -1 . As a three- 
magnon process corresponds to a transition from the 
triplet branch at the T-point of the Brillouin zone to the 
two-magnon band, the onset energy can be estimated by 
E^m, onset — A « A = 28 cm" 1 which fits well to the 
observed value. The cut-off energy would therefore be 
expected around E2M, cutoff — A w 90 cm" 1 . However, 
it can only unambiguously be traced up to 56 cm" 1 , i.e. 
the onset of the two-magnon signal. Above this energy 
the two modes overlap, therefore a clear determination 
of the cut-off energy is rather difficult. 

Remarkably, such a three-magnon scattering has also 
been reported in the weakly coupled spin dimer com- 
pound KCUCI3 with a spin gap of A = 31 K2i and in 
the Spin-Peierls system CuGe0 3 with A = 23 KSfi. All 
three compounds show a maximum in intensity around 
the spin gap temperature. However, for KCUCI3 the 
three-magnon signal is observed up to T re 5- A, while for 
S^C^Os it is obscured by the lattice fluctuations even 
at T re 2 • A. 

All three systems show an instability in large mag- 
netic fields. For KCUCI3 and S^C^Os this is a Bose- 
Einstein condensation of diluted magnons, while CuGeC>3 
becomes an incommensurate antiferromagnet. The com- 
mon observation of three-magnon Raman scattering and 
a field-induced transition is due to enhanced hopping, 
i.e., a not too large gap. 



V. SUMMARY 

In conclusion, our Raman data reveals an extended 
temperature regime in which orbital fluctuations domi- 
nate the lattice dynamics of S^C^Os. The energy scale 
of the orbital ordering, driven by a Jahn- Teller distortion, 
is estimated to be Ajt = 450 K in good agreement with 
ESR. This energy is also comparable to typical phonon 
frequencies of the tetrahedral Cr-0 coordinations and 
thermal energies for T < T$ = 275 K. This promotes 
an intricate interplay between orbital-lattice and spin- 
orbital coupled quantities. In addition, the analysis of 
two- and three-magnon scattering processes in the or- 
bitally ordered state allows us to determine the spin gap 
A = 40 K. 
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